Murine cells or cell extracts support the replication of plasmids containing the replication origin (ori-DNA) of polyomavirus (Py) but not that of simian virus 40 (SV40), whereas human cells or cell extracts support the replication of SV40 ori-DNA but not that of Py ori-DNA. It Both simian virus 40 (SV40) and polyomavirus (Py) display fairly stringent host species requirements. Primate cells are permissive for the replication of SV40 but not Py, whereas rodent cells are permissive for the replication of Py but not SV40 (reviewed in reference 48). In each case, the ability of a cell to produce infectious viral progeny is related to whether it has the ability to support the replication of the appropriate viral minichromosome. The existence of a factor(s) that is required for the production of viral progeny in permissive cells but not nonpermissive cells is suggested by the observation that SV40 production can be rescued after fusion of nonpermissive murine cells bearing integrated SV40 sequences with uninfected permissive monkey cells (2). One way in which a permissive factor may control the initiation of viral DNA replication is through a direct role in DNA replication.
polymerase a/primase but not by a human DNA polymerase a/primase affinity column. Likewise, a Py T antigen affinity column retained DNA polymerase ct/primase activity from murine cells but not from human cells. The murine fraction which bound to the Py T antigen column was able to stimulate Py ori-DNA replication in the nonpermissive extract. However, the DNA polymerase a/primase activity in this murine fraction constituted only a relatively small proportion (approximately 20 to 40%7c) of the total murine DNA polymerase a/primase that had been applied to the column. The DNA polymerase a/primase purified from the nonbound murine fraction, although far more replete in this activity, was incapable of supporting Py DNA replication. The two forms of murine DNA polymerase a/primase also difered in their interactions with Py T antigen. Our data thus demonstrate that there are two distinct populations of DNA polymerase o/primase in murine cells and that species-specific interactions between T antigen and DNA polymerases can be identified. They may also provide the basis for initiating a novel means of characterizing unique subpopulations of DNA polymerase a/primase.
Both simian virus 40 (SV40) and polyomavirus (Py) display fairly stringent host species requirements. Primate cells are permissive for the replication of SV40 but not Py, whereas rodent cells are permissive for the replication of Py but not SV40 (reviewed in reference 48). In each case, the ability of a cell to produce infectious viral progeny is related to whether it has the ability to support the replication of the appropriate viral minichromosome. The existence of a factor(s) that is required for the production of viral progeny in permissive cells but not nonpermissive cells is suggested by the observation that SV40 production can be rescued after fusion of nonpermissive murine cells bearing integrated SV40 sequences with uninfected permissive monkey cells (2). One way in which a permissive factor may control the initiation of viral DNA replication is through a direct role in DNA replication.
The ability to carry out SV40 DNA replication in vitro, as first established by Li and Kelly (25) , has proven valuable for isolating and studying the host proteins that contribute to eukaryotic DNA replication. This is because, except for a single virally encoded protein, the large T antigen, all other factors are host cell derived. Use of the SV40 system has made possible the functional identification of several human DNA replication factors (for reviews, see references 7, 21, 22, and 45). The first event in the initiation of DNA replication is the binding of a phosphorylated subclass of T antigen to a palindromic sequence in the viral origin (4, 17, 39) . A multimeric T antigen-nucleoprotein complex then assembles at and melts the origin sequences (11, 28 antigen (11, 44) extends origin unwinding in concert with a cellular single-stranded-DNA-binding protein (RPAIRFA/ SSB) and topoisomerase I or II, forming a preinitiation complex (5, 11, 16, 23, 57, 58) .
DNA polymerase ot/primase has been shown to interact directly with T antigen (12-15, 18, 43) and RPA (13). This may be the mechanism by which DNA polymerase a/primase is recruited to the initiation complex and by which T antigen couples origin recognition and unwinding to the synthesis of DNA (55) . The DNA primase, shown to be tightly associated with DNA polymerase ot, synthesizes a short RNA primer on each template strand, which is then extended by the DNA polymerase a. These first strands synthesized at the replication origin are probably the Okazaki fragments of the lagging strand.
It has been proposed that there is a multiprotein complex switch on the leading strand (49) (31) , there has been less progress in identifying the murine cellular factors involved in Py DNA replication.
The SV40 and Py T antigens are fairly homologous in terms of amino acid sequence (>60%) and biochemical function.
Like its SV40 counterpart, Py T antigen binds specifically to DNA sequences containing multiple copies of the consensus pentanucleotide 5'-GAGGC-3' that are located both adjacent to and within the minimal origin region (10, 38, 41) . Like SV40 T antigen, Py T antigen also exhibits ATPase (19) and DNA helicase (42, 53) activities. Furthermore, analogous to SV40 T antigen, Py T antigen displays ATP-dependent origin binding (27) and hexamer formation (54) . However, despite their similar functions and structure, SV40 and Py T antigens display distinctly different cell species specificity for mediating viral ori-DNA replication in vitro. Only extracts of primate cells replicate SV40 ori-DNA in the presence of SV40 T antigen (26, 32) . Conversely, Py T antigen requires Py ori-DNA and murine extracts (31). Murakami et al. (32) showed that immunologically or chromatographically purified DNA polymerase ot/primase is capable of conferring species specificity for DNA replication in nonpermissive extracts. Thus, human DNA polymerase ot/primase allowed SV40 T antigen-mediated SV40 ori-DNA replication in murine cell extracts (32) . Reciprocally, Py ori-DNA synthesis required murine DNA polymerase a/primase for DNA replication in human cell extracts (31) . Permissiveness is therefore unlikely to be determined by the presence of negative regulators. Rather, it is likely that either DNA polymerase ao/primase or a copurifying entity (or both) is actually the permissive factor(s). Here, by using affinity columns containing either DNA polymerase ac/primase or Py T antigen, we present evidence that supports this suggestion. Furthermore (24) , and pSVS contains the entire SV40 genome inserted at the BamHI site of pBR322. The incubations were carried out at 33 and 37°C for Py and SV40 replication, respectively. The reactions were terminated by chilling the reaction mixes at 4°C.
DNA synthesis products were detected by analysis of either semiconservative DNA replication products (DpnI-resistant DNA products) or acid-precipitatable radiolabel. Product analysis was done as follows. The DNA replication reaction was terminated by the addition of sodium dodecyl sulfate (SDS) and EDTA to a final concentration of 0.2% and 15 mM, respectively. Proteinase K (0.2 mg/ml) digestion was then conducted for 1 h at 37°C. The DNA was then phenolchloroform extracted once and ethanol precipitated, and the DNA was resuspended. The samples were then subjected to 0.8% agarose gel electrophoresis for 1.5 h at 150 V, followed by autoradiography.
DNA polymerase and primase assays. The DNA polymerase and primase assays were performed as described by Suzuki et al. (46) . DNA polymerase reaction mixtures (total volume, 30 ,ul) contained 20 mM Tris-HCl (pH 8), 3 .3 mM 2-mercaptoethanol, 5 mM MgCl2, 0.2 mg of bovine serum albumin (BSA) per ml, 100 ,uM dATP, 100 jiM dCTP, 100 ,uM dGTP, 20 ,iM TIP, and 20 ,uM [3H]dTlP (0.1 Ci/mmol). The template was nicked salmon sperm DNA (500 ,ug/ml). The reaction mix was incubated for 1.5 h at 37°C. (43) . We used a related approach (diagrammed in Fig. 2A ity. Figure 4A shows the dose response of Py ori-DNA iuman DNA polyreplication to the peak murine fraction (fraction 12 showing that the Py T antigen affinity column had not retained a complex of proteins capable of supporting replication. The DNA polymerase activity of the peak fraction was definitively identified by using the specific DNA polymerase a inhibitor monoclonal antibody SJK 132-20 (6). In the presence of SJK 132-20, DNA polymerase activity was markedly inhibited, while in the presence of the nonimmune mouse IgG, insignificant inhibition of DNA polymerase activity was observed (Fig.  4B) . From this result, we conclude that at least 90% of the DNA polymerase activity bound to the Py T antigen affinity column was DNA polymerase ax.
Unique population of DNA polymerase a/primase stimulates DNA replication. The amount of DNA polymerase activity that was bound to and eluted from Py T antigen columns represented only a relatively minor fraction (approximately 20 to 40%) of the total DNA polymerase a in the starting extract. In the experiment shown in Fig. 3 Fractions (14 RI) from the Py T antigen affinity column shown in panel A were added to Py ori-DNA replication reaction mixes containing human extract and Py T antigen as shown in Fig. 1 . After incubation for 3 h at 33°C, DNA replication was measured by incorporation of radiolabeled nucleotides into acid-precipitable counts. 
antigen (x). (B)
Identification of the DNA polymerase activity that bound to the Py T antigen affinity columns. A 165-ng amount of the peak fraction (number 12, 15,000 U/mg) was added to the DNA polymerase reaction mix in the presence of the indicated quantities of purified antibody SJK 132-20 (x) or nonimmune IgG (0). 5). In Fig. 5A , showing the total units of DNA polymerase activity eluted from the Py T antigen affinity column loaded with murine hypotonic extract, the peak of eluted activity occurred at 350 mM potassium phosphate. However, in Replication products were also analyzed by examining the quantities of 3 P-labeled DNA generated in DNA replication reaction mixtures (Fig. 6B) . DNA polymerase a./primase that was directly immunopurified from the murine hypotonic extract was more active in stimulating replication than that which was immunopurified from the Py T antigen-bound fraction (compare lanes 3 to 7 and 8 to 12). Whether this is because of a general loss of activity as a result of the Py T antigen column step or is due to the presence of additional stimulatory factors in the murine extract that copurify with DNA polymerase o/primase but do not adhere to the Py T antigen column is not known at present. DNA polymerase ac/primase immunopurified from the fraction that did not bind to the Py T antigen column was virtually inactive in stimulating DNA replication over a comparable range of added DNA polymerase units (see lanes 13 to 17). In the absence of Py T antigen, the human hypotonic extract did not support Py DNA replication (lane 2), nor did addition of Py T antigen to the reaction mixture result in significant levels of replicated DNA (lane 1).
A possible explanation for the dissimilarities in activities of the two populations of DNA polymerases is the existence of an inhibitor in the nonbound fraction DNA polymerase a/primase. This was tested by mixing the stimulatory DNA polymerase a/primase and the nonbound DNA polymerase a/primase (Fig. 7) . Across the dose range used, the nonbound DNA polymerase ct/primase was found not to inhibit the stimulatory fraction.
It is well established that purified DNA polymerase ao is tightly associated with a DNA primase (reviewed in reference 55). Another reasonable explanation for the dissimilarities in activities of the two populations of DNA polymerases is that there are differences in the extent of their DNA primase activity. Therefore, the ratios 'of the DNA polymerase to DNA primase activities were determined for some of the fractions tested in the previous experiment (Fig. 8) . Because the results of this analysis showed that there was no significant variation in the relative activities of the two enzymes in the stimulatory and nonstimulatory DNA polymerase ot/primase fractions, we conclude that the differences observed are not due to reduced DNA primase activity.
Two populations of murine DNA polymerase ot/primase differ in their affinity for Py T antigen. The Py T antigen-bound murine DNA polymerase ot/primase fraction was purified by its ability to interact uniquely with Py T antigen and was thus distinguished from the DNA polymerase a./primase of the murine fraction that did not bind to Py T antigen. We examined the ability of immobilized DNA polymerase ot/primase from both the Py T antigen-bound and nonbound murine fractions to retain Py T antigen by loading extracts of insect cells that had been infected with the Py T antigen baculovirus onto the DNA polymerase columns (Fig. 9) . The SJK 132-20 columns bound similar absolute quantities of units from the Py T bound and nonbound fractions. The DNA polymerase ao/primase column constructed from the Py T antigen-bound fraction retained a substantial amount of Py T antigen; the bound Py T antigen was eluted by 350 to 400 mM potassium phosphate. By contrast, the nonbound DNA polymerase ot/primase affinity column retained a significantly lower amount of Py T antigen which was eluted with approximately 200 mM potassium phosphate. This confirmed our observation that murine cell extracts contain at least two populations of DNA polymerase oL/primase that differ in their affinity for The following fractions were added to Py ori-DNA replication reaction mixtures (described in the legend to Fig. 1B) in the indicated quantities and incubated for 3 h at 33°C: DNA polymerase a (28,500 U/mg) immunopurified from murine extract (0), DNA polymerase a (19,000 U/mg) immunopurified from the Py T antigen-bound murine fraction (0), and DNA polymerase a (25,000 U/mg) directly immunopurified from the Py T antigen nonbound fraction (x). DNA replication was measured by incorporation of radiolabeled nucleotides into acid-precipitable counts. (B) Autoradiogram of DNA products from the reaction mixtures described in the legend to Fig. 5A . All lanes contained human extract and Py ori-DNA templates plus Py T antigen (lanes 1 and 3 to 17) and without Py T antigen (lane 2). Material added: lanes 3 to 7, DNA polymerase a (28,500 U/mg) immunopurified from murine extract; lanes 8 to 12, DNA polymerase a (19,000 U/mg) immunopurified from the Py T antigen-bound murine fraction; lanes 13 to 17, DNA polymerase a (25, (35) . Together, these studies suggest that mammalian forms of RPA are functionally interchangeable for SV40 DNA replication, whereas mammalian DNA polymerase a/primases are not.
We found that a Py T antigen affinity column loaded with a replication-competent murine hypotonic extract retained a fraction that contained a minor proportion of the total DNA polymerase a activity. The retention was demonstrably species specific, because an insignificant quantity of DNA polymerase a activity was retained when an equivalent Py T antigen column was loaded with human hypotonic extract. This was further confirmed by immobilizing DNA polymerase a/pri- Tube number FIG. 7. Nonbound DNA polymerase ox/primase fraction does not inhibit Py T bound DNA polymerase a/primase. The following fractions were added to Py ori-DNA replication supported by human extract (described in the legend to Fig. 1B ) in the indicated quantities and incubated for 3 h at 33°C. All tubes contained human extract and Py ori-DNA templates; tubes 1 to 7 also had Py T antigen. Material added: tube 1, 10 U of DNA polymerase a (28,500 U/mg) immunopurified from murine extract; tube 2, 10 U of DNA polymerase a (19,000 U/mg) immunopurified from the Py T antigen-bound murine fraction (15,000 U/mg); tube 3, 10 U of DNA polymerase at (25, 000 U/mg) directly immunopurified from the nonbound fraction; tubes 4 to 6, 10 U of DNA polymerase a immunopurified from the Py T antigen-bound murine fraction plus 3 U (tube 4), 5 A mechanism that may resolve these results is as follows. The p180 subunit of DNA polymerase ao can bind to either human or murine DNA primase as well as to either SV40 or Py T antigen. While this interaction is not itself species specific, the complex so formed interacts species specifically. The model predicts that purified Py T antigen can bind to both the murine and human p180 isolated subunits but not when they are part of their respective holoenzymes. It can also be speculated that the p70 subunit of the DNA polymerase a holoenzyme, upon interaction with the p180 subunit, forms a pl8O-p70 complex that species specifically interacts with T antigen and DNA primase. This suggestion is supported by recent evidence that human p70 serves the function of tethering the catalytic subunit of DNA polymerase ao to SV40 T antigen (9a). Alternatively, it may also be the case that the p180 catalytic subunit is the determinant of species specificity for SV40, while the primase subunit(s) serves that purpose for Py ori-DNA replication. Furthermore, since our experiments demonstrating the species specificity of T antigen for DNA polymerase were done with crude extracts, it remains possible that additional factors are also required. Clearly, it will be necessary to The columns were then washed and equilibrated with before being loaded with a saturating quantity of cru baculovirus extract. Bound proteins were eluted from 35-ml linear potassium phosphate gradients (0 to 500 fractions (1 through 12) were acid precipitated and res ml; 20-,ul aliquots were analyzed by SDS-PAGE and N for Py T antigen. Lane B, material boiled off of 30 ,ul o of the beads after elution. Lane F, 20-,ul aliquot of tl that did not bind to the column. Lane Py, purified Py T The positions of size markers are shown (in kilodalto continue to define and extend the factors a necessary for species-specific Py ori-DNA replic
The data presented in this article suggest that a species-specific interaction between Py T anti polymerase a/primase, there may be subclass DNA polymerase ot/primase that differ in the with Py T antigen. As yet we do not know the differences other than that it is unlikely to be relative amount of DNA primase activity associ; of the two classes. One attractive possibility is populations of DNA polymerase oa/primase posttranslational modification. Nasheuer et al. (3 cell cycle-dependent phosphorylation of the I subunits of DNA polymerase a. They found I levels of phosphorylation during the G2-M phas affinity of DNA polymerase ao for single-strand gesting that differential phosphorylation of DN a/primase is a trigger step in a cell enterir replicative phase or a consequence of the cell' DNA-replicative phase. We are currently attem acterize the differences between the two populat DNA polymerase a/primase that we have ident
